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Abstract—Communication at mmWave bands carries critical

importance for 5G wireless networks. In this paper, we study the

characterization of mmWave air-to-ground (AG) channels for

unmanned aerial vehicle (UAV) communications. In particular,

we use ray tracing simulations using Remcom Wireless InSite

software to study the behavior of AG mmWave bands at two

different frequencies: 28 GHz and 60 GHz. Received signal

strength (RSS) and root mean square delay spread (RMS-DS)

of multipath components (MPCs) are analyzed for different

UAV heights considering four different environments: urban,

suburban, rural, and over sea. It is observed that the RSS mostly

follows the two ray propagation model along the UAV flight

path for higher altitudes. This two ray propagation model is

affected by the presence of high rise scatterers in urban scenario.

Moreover, we present details of a universal serial radio peripheral

(USRP) based channel sounder that can be used for AG channel

measurements for mmWave (60 GHz) UAV communications.

Index Terms—28 GHz, 60 GHz, channel model, drone,

mmWave, ray tracing, unmanned aerial vehicle (UAV), USRP.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) are envisioned to support

numerous applications in 5G wireless networks [1], [2]. They

can serve as mobile hot spots in congested areas [3], help in

improving the quality of experience of wireless users by serv-

ing as a content cache [4], and support communication needs

of first responders at times/locations where most needed [5].

Due to their agile, three dimensional mobility in free space,

UAVs can easily move from one place to another in order to

provide on demand communication support, can change their

locations to avoid blockage/shadowing, and can help in data

relaying/ferrying applications.

Use of mmWave bands can be very promising for UAV com-

munications to sustain data rate demands for high throughput

mobile applications. In particular, UAVs can maintain line-of-

sight (LOS) connectivity (or at least a reasonable non-LOS

(NLOS) link) with a desired user by hovering at a favorable

location [3], which is crucial in maintaining a good link

quality at mmWave bands due to large path loss. A number of

licensed/unlicensed mmWave bands are potentially available

for use in UAV communications: see e.g. FCC’s spectrum
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frontiers report and order for bands above 24 GHz [6], and

FCC’s amendment for use of 57-60 GHz unlicensed band for

outdoor communications [7]. In this paper, we consider the

28 GHz licensed bands and the 60 GHz unlicensed bands

for their potential use in mmWave UAV communications.

While propagation characteristics for both mmWave bands

have been studied for urban scenarios in the literature [8]–

[11], and air-to-ground (AG) propagation measurements are

recently reported for the UWB spectrum below 6 GHz [12],

to our best knowledge characteristics of the AG UAV links

have not been studied yet for the mmWave bands.

In this paper, we analyze AG propagation characteristics

for the 28 GHz and 60 GHz mmWave bands using ray tracing

simulations. The analysis is carried out considering four differ-

ent environments: urban, suburban, rural, and over sea. Each

scenario has different number of scatterers at different heights.

The transmitter (ground station (GS)) location is at a fixed

position, while the UAV that carries the receiver node flies on

a linear path. A single, omni-directional antenna is used for

both the transmitter and the receiver. The simulations are run

for different UAV heights for each scenario, considering both

28 GHz and 60 GHz bands. The velocity of the UAV is fixed

at 15 m/s. Due to high path loss at mmWave bands, flight

distance was limited to 2 km.

Based on the simulation results it is observed that the

received signal strength (RSS) reasonably follows the two ray

propagation model [13], [14]. On the other hand, the two ray

propagation model holds better at shorter transmitter-receiver

separations; after some distance, only the dominant component

is the main contributor to the RSS, and reflected path from the

ground is negligible. The reflections and diffractions from the

scatterers in the environment introduce fluctuations in the RSS

that are dependent on the density and height of the scatterers.

In case of large number of high-rise scatterers such as in the

urban environment, there are rapid fluctuations in the RSS, and

the two ray propagation model cannot be directly applied. The

effect of scatterers is higher at 28 GHz compared to 60 GHz

as can be observed from the root mean square delay spread

(RMS-DS) of multipath components (MPCs).

In addition to ray tracing simulations, we have built an

AG mmWave channel sounder using universal serial radio

peripheral (USRP) X310 software defined radios (SDRs), and

frequency up-converters from Pasternack. The in-phase (I) and
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Fig. 1. UAV AG propagation scenarios simulated using Remcom Wireless

InSite software. Transmitter is located on the ground, and UAV with the on-

board receiver follows the illustrated trajectory. (a) Sub-urban scenario, (b)

Urban scenario.

quadrature (Q) components from the USRP X310 are up-

converted to 57-64 GHz unlicensed band. A basic channel

sounder with frequency offset correction is built using GNU

radio, and associated block diagrams for channel sounding

are provided. Due to compact size of the setup, transmit-

ter/receiver can be easily air lifted with moderate payload

capacity UAVs. Our future work includes AG measurements

with DJI S-1000 UAV using this sounder setup.

The rest of this paper is organized as follows. In Section II,

ray tracing simulations for AG channel characterization in

mmWave bands is described. Section III introduces the details

of the SDR based channel sounder at the 60 GHz band. Finally,

the last section provides some concluding remarks.

II. RAY TRACING SIMULATIONS FOR MMWAVE UAVS

Ray tracing can provide a deterministic way of charac-

terizing the mmWave channel in different scenarios. Due to

challenges involved in AG channel measurements at mmWave

bands using UAVs, ray tracing offers a convenient alternative

way of evaluating the channel behavior. In this section, we

use the Remcom Wireless InSite ray tracing software, and

imitate the real time motion of the UAV over a given trajectory.

We will first describe the different ray tracing scenarios

considered, followed by RSS and RMS-DS results.

TABLE I

RAY TRACING SIMULATION PARAMETERS.

Scenario Building height (m) Number of buildings

Over sea - -

Rural 4-8 10

Suburban 4-30 20

Urban 70-180 100

A. Ray Tracing Scenarios

We consider four different scenarios for ray tracing simula-

tions: urban, suburban, rural, and over sea. Three key factors

for AG ray tracing simulations in a given scenario are the num-

ber, material, and height of the scatterers in the environment.

The largest scatterers in AG propagation are the buildings.

The effect of mobile vehicles on road as potential scatterers

is negligible in AG propagation. We considered different

number of buildings at different heights in the simulations as

summarized in Table I. The urban scenario has the highest

density and height of randomly shaped buildings followed

by suburban and rural. Additionally, there is scattered foliage

introduced in the suburban and rural scenarios. The material

of the buildings is frequency sensitive concrete at 28 GHz and

60 GHz for all the scenarios except the simulations over the

sea. For simplicity, we considered the building material of all

the buildings as concrete. For all the land based simulations, a

dry ground is considered. Fig. 1 shows the suburban and urban

scenarios with the GS on the ground, and UAV trajectory at is

shown at a height of 150 meters above the ground. In case of

over sea scenario, a 10 meter layer of sea water is considered

covering a typical terrain. A couple of metallic ships on the

surface of the sea water are introduced as scatterers.

The characteristics of the simulation set up are as follows.

The dimensions of the terrain are 10 km by 10 km. The height

of the transmitter is 2 m and is fixed on ground. The UAV

heights are 2 m (imitating a mobile vehicle on the ground),

50 m, 100 m, 150 m above the ground, with a velocity of

15 m/s for all cases. The length of the UAV trajectory is around

2 km. Half-wave dipole antennas with vertical polarization are

used on both transmitter and the receiver. A sinusoid is used

to sound the channel at two center frequencies of 28 GHz and

60 GHz. The transmit power is set at 30 dBm.

B. Ray Tracing Results for the RSS

The RSS as a function of the distance between the UAV

(receiver) and the GS (transmitter) are shown in Fig. 2 and

Fig. 3 for transmission frequencies of 28 GHz and and

60 GHz, respectively. A common observation for RSS in all

the scenarios is the two ray propagation model. The presence

of scatterers introduces fluctuations in the received power. In

case of sub-urban area, the fluctuations result in deviation

from the two ray propagation model. At UAV height of 2 m

above ground, the two ray propagation model holds only for

a specific distance called the critical distance, or first Fresnel

zone; after that the received power drops proportionally to







Fig. 8. The receiver GNU radio flow graph for the channel sounder.

IV. CONCLUSIONS

In this paper, we provide ray tracing simulations for

mmWave UAV AG propagation channels. It is observed that

the two ray propagation model can be applicable (with some

limitations) for urban, suburban, rural, and over sea scenarios.

The presence of scatterers affect the RSS especially in case of

urban scenario. The fluctuation rate of the RSS with respect

to distance at 60GHz is higher when compared with 28 GHz.

The RMS-DS behavior is highly dependent on the height of

the UAV as well as the density/height of the scatters around

the UAV. For the suburban and rural scenarios, we observe a

lower RMS-DS when the UAV height increases, due to less

significant effect of the scatterers at higher UAV heights. We

also provide an experimental setup for AG mmWave channel

sounding measurements using USRPs and GNU radio. The

USRP-based channel sounder is lightweight enough to be car-

ried, for example, at a DJI S-1000 octocopter, for conducting

channel sounding experiments at 60 GHz spectrum.
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